We report on optical studies of the thin films of multiferroic hexagonal (P.G. 6mm) rare-earth orthoferrites RFeO 3 (R=Ho, Er, Lu) grown epitaxially on a (111)-surface of ZrO 2 (Y 2 O 3 ) substrate. The optical absorption study in the range of 0.6-5.6 eV shows that the films are transparent below 1.9 eV; above this energy four broad intense absorption bands are distinguished. The absorption spectra are analyzed taking into account the unusual fivefold coordination of the Fe 3+ ion. Temperature dependence of the optical absorption at 4.9 eV shows anomaly at 124 K, which we attribute to magnetic ordering of iron sublattices.
multiferroicity of these compounds was under question till very recently. In early studies no magnetic ordering was identified in ultrafine hexagonal EuFeO 3 and YbFeO 3 particles. 4 On the contrary, ferrimagnetic ordering for both iron and rare-earth sublattices was later proposed in hexagonal YbFeO 3 thin films, 8 while recent magnetic measurements have indicated a weak ferromagnetic ordering in hexagonal RFeO 3 (R=Lu, Er-Tb) 10 and YbFeO 3 films 11 below the Néel temperature T N ∼120 K. Several claims of ferroelectricity in hexagonal RFeO 3 were made [6] [7] [8] and confirmed recently by the comprehensive studies of electric polarization in YbFeO 3 , which revealed two ferroelectric transitions at 470 and 225 K. 11 Despite of the progress in understanding the magnetic and ferroelectric properties of hexagonal RFeO 3 , until now no theoretical or experimental investigations of their electronic structure has been reported.
In this Communication we report on the studies of optical properties and electronic structure of thin epitaxial films of hexagonal RFeO 3 (R=Ho, Er, and Lu). In particular, optical absorption of these films was studied in the range of 0.6-5.6 eV and analyzed in terms of the crystal field theory. 12, 13 This allowed us to disclose the features of electronic structure of hexagonal orthoferrite related to the Fe 3+ ion in the unusual coordination. Furthermore, temperature study of absorption suggests an onset of magnetic ordering of iron sublattices at 124 K, in agreement with recent magnetic studies. 3 and Fe(thd) 3 as volatile precur-sors, where thd is 2,2,6,6-tetramethylheptane-3,5-dionate. The deposition temperature was o C, the precursor evaporator temperature 250 o C, the total gas pressure in the reactor was 7 mbar, and the partial oxygen pressure 3.5 mbar. The deposition rate was 5 nm/min and the final thickness of films was 50-70 nm.
A detailed X-ray diffraction (XRD) study using 4-circle diffractometer revealed a highly epitaxial growth resulting in (0001)-oriented films. A characteristic (002)-reflection of the hexagonal 6mm phase was found in the 2θ/ω-scans for all samples (see Inset in Fig. 1(a) ).
The in-plane XRD study revealed (300)-reflections in 2θ/χϕ-scans at (220)-YSZ reflection accompanied sometimes by a weak (110)-peak indicating <110> preferable in-plane orientation with respect to the <110> axis of YSZ. The corresponding 6 reflections were observed in ϕ-scans. Scanning electron microscopy and atomic force microscopy studies showed a very smooth surface of the films with the RSM (root mean square) roughness of 1-2 nm over the 10×10 µm 2 area. differs significantly, on one hand, from those of perovskite orthoferrites and related iron oxides, 14, 15 and, on the other hand, from hexagonal manganites.
16,17
In order to identify the position of the absorption bands contributing to the spectra in Fig. 1 we decomposed the absorption index spectrum to the set of Lorentz oscillators according to
where ε in the complex dielectric function, E is the photon energy; a, b and c are coefficients describing collective contribution from all transitions above the experimental spectral range.
E n , f n and γ n are the resonance energy, oscillator strength and relaxation parameter of the n-th oscillator, respectively. This analysis yielded four broad bands in the range above 1.9 eV as shown Fig. 1(b) .
We analyze the possible origin of the observed absorption bands in hexagonal RFeO 3 on the basis of the crystal field (CF) theory for the 3d 5 ion with octahedral and trigonal bypiramidal oxygen coordinations, shown in Fig. 2(a) . 13 The ground state of the Fe 3+ ion is the high-spin singlet ( Fig. 2(b) ), with any crystal field excitation being a transition between majority-and minority-spin 3d orbitals. The energies of the excited states in the Fe
complex ( Fig. 2(c) ) can an be expressed in terms of the crystal field parameters ∆ 0 , Ds calculated the energies for other three low lying excited states, as shown in Fig. 2(c) .
No features in the absorption spectra of hexagonal orthoferrites are observed below 1.9 eV (Fig. 1) , while our calculations predict appearance of two bands in this range. Their absence in the spectra is easily understood because the d − d transitions in Fe 3+ compounds are spinforbidden. Therefore, we expect these bands to be too weak for detection in the samples as thin as 50 nm. An estimate gives optical density D for these bands to be of the order of 10 −2 , even assuming the absorption coefficient for them being 10 times higher than the one for the 6 A 1g → 4 T 1g transition in perovskite orthoferrite TmFeO 3 . 19 On one hand, two broad bands centered at 2.23 and 2.94 eV, respectively, can be assigned to the d − d (Fig. 2(c) ). On the other hand, from the numerous studies of 3d metal oxides it is known that the strength of some d−d absorption bands can be considerably enhanced due to admixture of the electric-dipoleallowed charge transfer (CT) transitions from the valence band formed predominantly by the occupied 2p oxygen orbitals to the conduction band formed by unfilled 3d iron orbitals. In perovskite orthoferrites the typical photon energy for the lowest CT transition is ∼3 eV.
14,15
In hexagonal orthoferrites one can expect a red-shift of the fundamental absorption edge due to the somewhat shorter Fe 3+ -O 2− distances. Therefore, the absorption bands at 2.27 and 2.97 eV may have a combined CF and CT origin. The absorption bands at 3.77 and 5.08 eV should be purely CT transitions from 2p oxygen to the 3d iron orbitals. We add that no absorption lines associated with the rare earth ions were detected.
High-energy optical absorption of hexagonal RFeO 3 is characterized by a sharp band centered at 5.08 eV at T =293 K. The absorption edge associated with this band is noticeably blue-shifted at T =20 K (Fig. 1 ). Fig. 3 shows the temperature dependence of the absorption at 4.9 eV in HoFeO 3 . It is seen, that the absorption sharply decreases when temperature is going down. A well defined anomaly is observed at 124 K (see inset). We relate the overall decrease of absorption in the temperature range 150-300 K to the freezing of phonons contributing to the broadening of the absorption band at 5.08 eV. The anomaly at 124 K in the temperature dependence of the absorption is in a very good agreement with recently reported temperature of the magnetic ordering for several hexagonal RFeO 3 . 10,11 Therefore, we assign the observed anomaly to the exchange splitting of ground and excited states responsible for the given absorption band.
16,22
In conclusion, optical absorption was studied in thin films of multiferroic hexagonal rare earth orthoferrites RFeO 3 (R=Ho, Er, Lu) grown epitaxially on (111)-oriented YSZ substrates by MOCVD method. We demonstrate that optical absorption spectra of hexagonal orthoferrites differ strongly from those of perovskite orthoferrites and hexagonal manganites. Based on the analysis of the electronic structure in terms of the CF theory, we assign absorption bands in hexagonal RFeO 3 at 2.27 eV and 2.97 eV to combined CF and CT transitions, whereas the absorption bands at 3.77 eV and 5.08 eV to the purely CT transitions from 2p oxygen to the 3d iron orbitals. We add, that these results unveil the general features of the optical spectra and electronic structure of hexagonal RFeO 3 and, thus, may serve as a reference for more elaborated theoretical calculations, required for understanding various properties of these compounds. 
